Type AISI 304 stainless steel was exposed to a simulated coal gasification atmosphere at 450 °C. It was found that addition of 1000 ppm hydrogen chloride (pCl 2 = 3.10" 20 atm.) accelerates the corrosion rate. Chloride was detected not only near the scale/alloy interface but an almost constant concentration was found from the gas/scale to the scale/alloy interface. Therefore, a second mechanism besides the vapour phase transport of reactants is discussed. Incorporation of chlorine probably leads to a lower activation energy for diffusion and to a higher concentration of iron vacancies in the product layer.
INTRODUCTION
Corrosion mechanisms in the attack by oxygen and sulphur are more or less understood today, but the effect of chlorides on corrosion is unclear /!/. At preo whom all correspondence should be addressed. sent, there is a growing interest in the corrosion behaviour of metals in chlorine-containing atmospheres. The literature shows that the presence of chlorine causes an accelerated attack in oxidizing and sulphidizing environments /2,3/. This is explained by a vapour phase transport of reactants which plays a dominant role at high temperatures and high concentrations of chlorine; it is also called "active corrosion" /4-11/.
Kofstad /4/ reported that cation defects predominate during sulphidation, and consequently sulfide scales grow by outward cation migration. Chlorine or hydrogen chloride can influence the defect concentration by the incorporation of chloride ions in this lattice, which results in high cation diffusion rates. McNallan et al. /12/ performed experiments to investigate the rate of oxidation, which may be altered by the dissolution of chlorine in the cobalt oxide, but did not find any significant effect in chlorine incorporation.
If the solubility of chlorine in iron sulfide is significant, Cl'-ions may replace the S 2 "-ions on anionic lattice sites and alter the defect structure. This was proposed by Hossain and Saunders /13/. This would imply that the diffusivity of the Fe 2+ -ions in the sulfide increases as the chlorine partial pressure increases. Additional experiments are necessary to confirm the contribution of this mechanism to the overall corrosion process. The present study is concerned with the determination of chlorine in a sulphide lattice.
Samples of AISI 304 were exposed to a sulphidizing atmosphere containing 1000 ppm HCl. Analyses of the formed sulphide scale may reveal the presence (solubility) of chlorine in iron sulphide. If so, the diffusivity of ions in the sulphide scale can increase with the chlorine partial pressure. This means that not only vapour phase transport of the metal chlorides is responsible for the increased corrosion rate but also the change of the solid state diffusion coefficients and the concentration of iron vacancies. A theoretical approach is presented regarding the effect of chlorine on the solid state diffusion processes and iron ion vacancy concentrations.
EXPERIMENTAL

Material
The alloy used in the experiments was type AISI 304 stainless steel which was cut from an electropolished metal sheet and ultrasonically cleaned in hexane and ethanol, respectively. The chemical composition (wt%) of the tested alloy was 19% Cr, 9% Ni, 2.0% Mn, 1.0% Si, 0.08% C and bal. Fe.
Testing of specimens
The specimens were exposed to atmospheres approximately similar to coal gasification processes, with and without chlorine. The gas mixture for experiments without chlorine was approximately 1% H 2 S / 19% H 2 / bal. Ar, saturated with H 2 0 at 15 "C. Before starting the corrosion experiments the system was flushed with argon for 20 hr with a flow rate of 7 1/hr (STP). The gas mixture was introduced with a flow rate of 161/hr (STP) for 4 hr prior to heating the furnace to 450°C. After the furnace was heated to the desired temperature the system was closed.
For the experiments with gas containing chlorine, the gas mixture was not saturated with water. Instead, a syringe with a well defined level (27 vol%, 48 μΐ) of HCl solution was used to inject the hydrogen chloride concentration of 1000 ppm (after closing the system) once for the whole experiment. Several experiments showed that no difference exists in corrosion kinetics and corrosion products between using a continuous Chlorine-Induced High Temperature Corrosion: The Effect of Chlorine on Solid State Diffusion. A Theoretical Approach mixed gas flow bubbling through a HCl solution and using a closed system with the desired gas composition in which one injection was made. The experiments on closed systems were done in such a way that at the end of the experiments at least 90% of the original concentration of the hydrogen sulfide was present. The samples were exposed to the gas mixture with and without chlorine for 24 and 43 hr. The calculated equilibrium partial pressures of oxygen, sulfur and chlorine are given in Table 1 . Table 1 Partial pressures /14/ of sulfur, oxygen and chlorine. 
Analysis
The chemical composition of the products was determined using a Perkin-Elmer PHI 600 scanning Auger multiprobe. Alternate sputtering and Auger analysis were used during the in-depth analysis. A Laser Microprobe Mass Analyzer (LAMMA) with depth information of about 0.3 μτη and a spot size of 3 μτη, and an Ion Microprobe Mass Analyzer (IMMA), type ARL, were also used to determine the presence of chlorine in the sulphide scale. To characterize the chemical structure of the products, X-ray diffraction (XRD) using a Philips PW 1710 X-ray Diffractometer with monochromatic CuKa-radiation and XPS measurements performed with a Kratos XSAM 800 using a Mg 15 kV / 15 mA X-ray source were used. chloride. These results show that for exposure times of 43 hours the addition of hydrogen chloride significantly increased the corrosion rate (weight gain). SEM observations showed an increased crystallite size in the iron sulphides when hydrogen chloride was added /5/. Using X-ray diffraction (XRD), no difference was detected in the sulphide scale structure of the samples tested under sulphidizing circumstances with and without the presence of small amounts of chlorine. In all cases, the most pronounced structure was the hexagonal FeS-structure, with only a little (Fe.Cr)-rich spinel phase. The ratios of these phases on the different samples were equal.
Depth profiles determined with Auger Electron Spectroscopy (AES) of the samples tested in the aggressive environment with and without the presence of small amounts of chlorine are presented in Figs. 2a and b. The atomic concentration C. of an element A A in the sample is calculated from the equation
where PP A is the peak-to-peak height in the smoothed and differential spectrum, and SF A the sensitivity factor of element A. This equation gives reasonable semiquantitative results, if several correction factors such as atomic density, preferential sputtering, electron back-scattering and variations in escape depth are taken into consideration. These figures show that the sulphide scale thickness is larger if chlorine is added to the corrosive atmosphere. In all cases the iron concentration decreases from the outer to the inner part of the scale, in contrast with the chromium concentration which is relatively high on the scale/substrate interface. If chlorine was added in the early stage of the experiment, the chlorine was detected in the sulphide scale, just above the detection level.
In Fig. 3a and b, typical examples are shown of a survey scan with X-ray Photoelectron Spectroscopy (XPS) of the sulphide scale formed in the aggressive gas atmosphere. In these figures, the photoelectron peaks of the main components, Fe, Ο, S and CI, are shown. In Fig. 3b a small peak of CI 2p is detected just above the background level. Fig. 3c shows the Fe2p region for the samples exposed in the atmospheres with and without 1000 ppm HCl. Due to the presence of chlorine in the sulphide lattice, the binding energies of the iron atoms could be affected by their chemical environment bound to chlorine instead of sulphur, resulting in a shift of the measured binding energies. From this figure, no chemical shift was detected, which may be explained by the low concentration of chlorine in the matrix. amount of CI" was present, which decreased significantly from the outer surface to the inner part of the Fe-rich sulphide scale to a more or less constant value over the scale. Small amounts of oxygen were also present in the scale, which shows the same profile as chlorine. The sulphur concentrations seem to be independent of the sputtering time (depth).
With the LAMMA (Laser Microprobe Mass Analyser), two different spectra were obtained from the product scale of the specimen exposed to the chlorine-containing gas atmosphere. Fig. 5a shows the positive ions, where sulphur and iron are the dominating peaks, followed by those from nickel and chromium. Fig. 5b shows the negative ions of the LAMMA measurements. The most important phenomenon is that sulphur (S 2 ") (and probably small amounts of oxygen) as well as chlorine (CI") were detected. This confirms the measurements obtained from Auger and IMMA. Spectra from LAMMA (Laser Microprobe Mass Analyzer) of the AISI 304 specimen exposed to the hydrogen sulphide containing gas atmosphere (+ 1000 ppm HCl) for 24 hr at 450°C: a) positive polarity, b) negative polarity.
DISCUSSION
A. General
From the weight gain measurements reported previously /5/, it is clear that addition of small amounts of chlorine to the hydrogen sulphide containing gas atmosphere significantly increases the corrosion rate.
The addition of small amounts of chlorine did not change the structure of the formed Fe-rich sulphide scale, as shown by XRD and XPS. It is clear from the analyses on the chemical composition that chlorine is not only concentrated near the interface sulphide scale/alloy as islands of FeCl 2 but is found everywhere in the product scale. Jacobson /15/ studied the reaction of iron with hydrogen chloride -oxygen mixtures and reported that the chlorides appear to form as patches on the metal below the oxide. Similar observations were obtained by others /16-19/ studying the effect of hydrogen chloride on the corrosion of metallic materials in simulated coal gasifier atmospheres. The proposed explanation for this was that during the initial stage of the corrosion process the chlorine containing products became overgrown after prolonged exposure times.
It has been suggested /2,20,21/ that the increase in the high temperature corrosion rate induced by the presence of small amounts of chlorine is mainly due to a vapour phase transport mechanism. This mechanism implies that hydrogen chloride or chlorine diffuses through pre-existing pores and cracks or the chloride compounds formed during the initial state of the experiment are overgrown by sulfides. The chlorine reacts with the underlying substrate forming metal chlorides. Due to the high vapour pressure of the metal chlorides, these will evaporate. The metal chlorides diffuse through the scale from the metalscale interface with low p0 2 and low pS 2 to the scalegas interface with higher pÖ 2 or pS 2 . As the chlorine or chloride vapour diffuses into regions of higher oxygen or sulfur pressures, the chlorides react with the oxygen or sulfur forming oxide or sulfide deposits, respectively, with simultaneous reformation of chlorine. The partial pressures of the gaseous metal chlorides decrease with the increasing pressure of oxygen or sulfur. There is thus a driving force for the
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outward diffusion of the metal chlorides towards the scale-gas interface. The reformed chlorine can diffuse again to the scale-metal interface and the whole process repeats itself. This is also called "active corrosion". Besides this vapour phase transport, it has also been suggested that the solid state diffusion process is altered by the presence of chlorine /3/. Therefore, more research is necessary on the interpretation of changing the solid state diffusion processes by addition of chlorine.
B. Solid State Diffusion in FeS
The literature /22-24/ shows that hexagonal ferrous sulphide is a metal-deficit, electron-hole semiconductor (p-type). Earlier experiments /25/ using tracers and markers revealed that the reaction between sulphur and iron predominantly took place by 2+ outward diffusion of iron ions (Fe ) through cation vacancies (V p ") in the ferrous sulphide. This corresponds with the fact that the self-diffusion coefficient of iron in ferrous sulphide is a few orders of magnitude higher than that of sulphur 126,211. Predominant ionic defects in ferrous sulphide are thus the cation vacancies. The defect reaction is given by the Kröger-Vink notation, as follows: VÄS, ** V Fc " + 2h" + S s (2) According to this equation, the nonstoichiometry in iron-deficit sulphide increases with increasing sulphur pressure. The corresponding equilibrium expression for this defect reaction, considering that the activity for S s is equal to one in sulphides, is
It is clear from this equation that at constant temperature when the concentration of one defect is reduced, the concentration of the other will be increased.
Effects altering the defect concentration of the iron sub-lattice are increasing the temperature, increasing the partial pressure of sulphur, and dissolving foreign elements. During high temperature corrosion incorporation of elements such as chlorine in the sulphide -or oxide -scale (lattice) may increase the parabolic rate constant (k p ) for scale growth by initiating a vapour phase transport mechanism and by changing the rate of solid state diffusion of cations through the lattice /2,3/. Considering that diffusion of iron ions is predominantly rate determining during the scale growth, the parabolic rate of scale growth on iron can be described by
where χ is the scale thickness after time, t; D the chemical diffusion coefficient of iron ions; k p the parabolic rate constant; and c" and c' are the concentrations of iron ions in the scale at the scale-gas and scale metal interface, respectively. The FeS structure corresponds with the hexagonal (6:6) NiAs structure, where the sulphur matrix forms a hexagonal close-packed (hep) lattice. The corresponding ionic radii are for S 2 ": 1.84 A and Fe 2+ :
0.76 k Between the two layers of the close-packed structure, there are two kinds of interstices: octahedral sites (o-sites) and tetrahedral sites (t-sites). Condit et al. /27/ reported that the c/a lattice parameter ratio of the hep lattice of FeS is about 1.63 above 320 °C. Normally the t-sites are not occupied since the resulting deformation of the lattice would cause a high lattice strain.
Incorporation of small amounts of impurities, in this case chlorine, will probably alter the stoichiometry. Due to the large ion size of the Cl"-ion (1.81 A), it is unlikely to occupy octahedral or tetrahedral sites. The only possibility is to replace sulphur ions by substitution on the regular S 2 "-sites according to:
FeCl, ~ Fe,, e + 2C1/ + V Fe " 
where Ν is Avogadro's number; Μ the Madelung constant; z + and ζ the charge of the cations and anions, respectively; e Q the dielectric constant of vacuum; and r + and r the ionic radii of the cat-and anions, respectively. Due to the substitution of a S 2 '-ion by a Cl -ion, the internuclear distance r 0 (r + + r ) will reduce very slightly. It is, therefore, reasonable to assume that this effect on the electrostatic energy is negligible. On the other hand, the effect of the ionic charge will affect this electrostatic energy to a much higher extent. Due to the lower ionic charge of the Cl"-ion compared with the S 2 "-ion, E e and thus the lattice energy will be lower, resulting in a larger mobility of the Fe 2+ -ions.
The chemical diffusion coefficient is a function of the activation energy of the chemical diffusion in the metal sulphide, but nearly independent of the composition of pure Fe^S /22,24/. This activation energy is related to the electrostatic energy, as described above. Therefore, it is reasonable that, due to the substitution of sulphur by chlorine, the activation energy, E a , for chemical diffusion in metal sulphide is reduced.
In more detail, the equation of the diffusion coefficient based on the random walk theory can be given by:
where χ is the concentration of hopping species, ν the hopping frequency and d the hopping distance. In the case of pyrrhotite (FeS), the hopping species are the cation (iron) vacancies. The diffusion coefficient is now related and controlled by the concentrations and jump frequencies of these iron vacancies. For jump frequency, v, the following equation adapted from Vineyard's absolute rate theory 1191 is given ν = v 0 exp (-g act /kT)
where g ac( is the change in free energy of the defective species on passing from the ground state of the defect to the saddle point. The activation energy for the transport coefficients shows an Arrhenius behaviour as shown above and is related to the energy needed for removing the ion from a lattice site creating a vacancy site.
The increased iron vacancy concentration after incorporation of chlorine into the lattice will result in 2 I a higher self-diffusion coefficient of Fe , because the self-diffusion coefficient is proportional to the defect concentration. The relation between the self-diffusion coefficient and the iron vacancy concentration gradient can be described as follows To continue, due to the introduction of impurities such as chlorine in the FeS lattice the vacancy concentration is increased and the energy for diffusive jumps via an exchange of position with an adjacent vacancy will be reduced. This means that both the selfdiffusion and chemical diffusion coefficients and thus also the k are increased by the addition of small amounts of chlorine.
C. Iron-Ion Vacancy Concentration
The concentration of metal vacancies is a function of intrinsic and extrinsic nonstoichiometry and can be quantified by using the following model:
The electroneutrality condition, assuming only chlorine being an impurity defect, is given by
From Eqs. 12, 13 and 14, the following expression for [CI can be derived: 1/3 . In this case, the amount of iron vacancies is only a function of the partial pressure of chlorine. The electrical conductivity related to the amount of defects is determined only by the amount of impurities and called extrinsic conductivity.
In condition 1, the amount of vacancies is proportional to pS 2 1/6 based on the assumption that the molecular species interacting with Fe is only S 2> According to Strafford 1731, it has been shown that larger molecular species are also present in the vapour, such as S 3 g . This means that the defect reaction as given by Eq 10 should be rewritten as S" -nV& + 2 nh' + nS s (17) In this case, the exponent of the sulphur pressure term will vary between 1/6 and 1/24, for η between 2 and 8, respectively. Molenda et al. /30/ found that the electrical conductivity depends on the sulphur vapour pressure by an exponent varying between 1/18 and 1/23. They suggested that this was due to the electron holes from impurities and intrinsic charge carriers which are unrelated to the non-stoichiometry. This theoretical approach shows that the increased high temperature corrosion rate by the presence of small amounts of chlorine is expected to be based not only on a vapour phase transport mechanism of reaction products but also on a change in the solid state diffusion processes (increasing self and chemical diffusion coefficient and vacancy concentration) which will also contribute to the overall corrosion rate.
CONCLUSIONS
The presence of hydrogen chloride accelerated the corrosion rate. The mechanism of this accelerated corrosion is not well understood but in general explained by the vapour phase transport of reactants which plays a dominant role at high temperatures and high concentrations of chlorine.
A second mechanism is introduced, based on a change in the solid state diffusion. Due to the incorporation of chlorine into the iron sulphide lattice where chlorine replaces the sulphur ions, the diffusivity of iron ions through the lattice will increase. The defect concentration of iron vacancies (intrinsic and extrinsic) is not only a function of the temperature
